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ABSTRACT
Photometric and polarimetric observations toward type Ia supernovae (SNe Ia) frequently report an
unusually low total-to-selective extinction ratio (RV < 2) and small peak wavelength of polarization
(λmax < 0.4µm). Recently, Hoang et al. proposed that the increase in the abundance of small grains
relative to large grains near SNe Ia due to RAdiative Torque Disruption (RATD) can explain this puz-
zle. To test this scenario, we will perform detailed modeling of dust extinction and polarization of SNe
Ia accounting for grain disruption by RATD and grain alignment by RAdiative Torques (RATs). For
dust clouds at distance d < 4 pc from the source, we find that RV decreases rapidly from the standard
value of 3.1 to ∼ 1.5 after a disruption time tdisr < 40 days. We then calculate the observed SNe Ia
light curve and find that the colors of SNe Ia would change with time due to time-varying extinction
for dust clouds at distance d < 4 pc. We also calculate the wavelength-dependence polarization pro-
duced by grains aligned with the magnetic fields by RATs. We find that λmax decreases rapidly from
∼ 0.55µm to ∼ 0.15µm over an alignment time of talign < 10 days due to the enhanced alignment
of small grains. By fitting the theoretical polarization curve with the Serkowski law, we find that the
parameter K from the Serkowski law increases when large grains are disrupted by RATD which can
explain the K vs. λmax data observed for SNe Ia. Finally, we discover an anti-correlation between
K and RV which might already be supported by SNe Ia observational data. Our results demonstrate
the important effect of rotational disruption of dust grains by radiative torques on the time-dependent
extinction, polarization, and colors of SNe Ia.
Keywords: supernovae: general, kilonova, dust, extinction, massive stars; stars: neutron
1. INTRODUCTION
Type Ia supernovae (hereafter SNe Ia) is an explosion
of the white dwarf star in the binary system when the
accretion of material from the evolving companion star
onto the white dwarf increases its mass to ∼ 1.4M,
i.e., the Chandrasekhar limit (Hillebrandt & Niemeyer
2000). Beyond this mass limit, the electron degeneracy
pressure is insufficient to support against the gravity,
and the white dwarf collapses, releasing a large amount
of material and energy into the surrounding environ-
ment. SNe Ia have similar intrinsic luminosity because
they explode at similar mass, for which SNe Ia are con-
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sidered ”standard candles” to measure cosmological dis-
tances (Riess et al. 1998). SNe Ia are also useful to
study the physical and chemical properties of the inter-
stellar medium of external galaxies (Nobili & Goobar
2008; Brown et al. 2015; Foley et al. 2014).
Dust along the line of sight toward SNe Ia absorbs,
scatters, and polarizes the SNe radiation in the UV-NIR
wavelength range (see, e.g., Hoang 2017). Photometric
observations of SNe Ia show that the total-to-selective
extinction ratio RV = AV/E(B − V ), with AV the op-
tical extinction and E(B − V ) = AB − AV the color
excess, is much lower than the typical value of interstel-
lar dust in the Milky Way of RV ∼ 3.1. For example, 80
SNe Ia studied by Nobili & Goobar (2008) have an av-
erage value of RV ∼ 1.75. Using Hubble space telescope
and Swift satellites, Amanullah et al. (2015) and Wang
et al. (2012) estimated a range of RV ∼ 1.4 − 3. These
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examples can be explained by the peculiar properties of
dust in the SNe Ia’s host galaxy. Other suggestions in-
clude the scattering of circumstellar (CS) material in the
vicinity of SNe Ia (Wang et al. 2008; Goobar 2008) and
the enhancement of small grains (smaller than 0.05µm)
relative to large grains (size above 0.1µm) in the local
interstellar environment of SNe Ia (Phillips et al. 2013;
Hoang 2017).
Moreover, polarimetric observations also reveal un-
usually low values of the wavelength at the maximum
polarization curve of SNe Ia, i.e., λmax < 0.4µm. For
instance, four SNe SN 1986G, 2006X, 2008fp and 2014J
shows λmax from 0.05µm to 0.43µm (Kawabata et al.
2014; Patat et al. 2015; Hoang 2017), and nine SNe
Ia listed in Zelaya et al. (2017) have λmax < 0.4µm,
much lower than the standard value of the ISM of
λmax = 0.55µm (Whittet et al. 1992). Based on simul-
taneous fitting to extinction and polarization of SNe Ia,
Hoang (2017) found that the unusual values of λmax can
be reproduced if small grains can be aligned efficiently
as large grains.
The enhancement in the abundance of small grains
relative to large grains around SNe Ia is the popular
explanation for the anomalous values of RV and λmax
(Hoang 2017). Several mechanisms were proposed to
explain the disruption of large grain such as grain-grain
collision, thermal sublimation. However, the thermal
sublimation mechanism only destroys grains within ra-
dius of Rsub ' 0.015(LUV/109L)1/2(Tsub/1800 K)−2.8
pc where LUV is the total luminosity of SNe Ia in the
NUV-optical band and Tsub is the grain sublimation
temperature (Waxman & Draine 2000; Hoang et al.
2019). The grain-grain collision mechanism destroys
dust by the strong interaction between dust and gas in
the interstellar medium (ISM). This process takes near
100 years for gas release from SNe Ia reach the dust in
the ISM at 1 pc if we assume gas moves at 0.028 c. How-
ever, the values of RV and λmax are measured during the
early-time observations (less than a few weeks after the
explosion). Thus, the question of why small grains are
predominant around SNe Ia remains mysterious.
The mystery in the predominance of small grains
around SNe Ia might be resolved when Hoang et al.
(2019) introduced a new mechanism of grain disruption,
so-called Radiative Torque Disruption (RATD), which is
based on centrifugal force within rapidly spinning grains
spun-up by radiative torques. This RATD mechanism
can disrupt large grains into small fragments on a char-
acteristic timescale of tens of days, which dramatically
changes the grain size distribution and observable prop-
erties of dust near SNe Ia. Therefore, the first goal of
this paper is to model the time-dependent extinction and
polarization curves due to dust grains which are being
disrupted by RATD. We will demonstrate that RATD
can indeed reproduce the low values of RV and λmax as
observed toward SNe Ia.
Intrinsic colors and light curves of SNe Ia are criti-
cally crucial for achieving an accurate measurement of
cosmological constant and better constraint of dark en-
ergy, which are the next frontiers of SNe Ia cosmology.
Yet, the major systematic uncertainty arises from un-
certainty in dust extinction toward SNe Ia (see, e.g.,
Scolnic et al. 2019). Moreover, intrinsic lightcurve is es-
sential for understanding the trigger mechanism of SNe
Ia. The second goal of this paper is to quantify the
time-variation of the SNe Ia colors due to time-varying
extinction caused by RATD.
The structure of this paper is as follows. In Section
2, we review the RATD mechanism and calculate the
disruption size of dust grains as functions of time and
cloud distance toward SNe Ia. In Sections 3 and 4, we
will model dust extinction and polarization curves in-
duced by grains aligned with the magnetic fields using
the grain size distribution determined by RATD and
grain alignment function by RAT alignment theory. In
Section 5, we will predict the observed light curve of
SNe Ia, which vary over time due to RATD. Discussion
and summary of our main findings are given in Section
6 and 7, respectively.
2. ROTATIONAL DISRUPTION OF DUST GRAINS
BY SNE IA
2.1. The RATD mechanism
When dust grains of irregular shapes are located in
an intense radiation field, such as around SNe Ia, radia-
tive torques induced by the interaction of anisotropic
radiation with the irregular grain can spin the grain
up to extremely fast rotation (Draine & Weingartner
1996; Lazarian & Hoang 2007; Hoang et al. 2019). Such
suprathermal rotation of grains produces a strong cen-
trifugal force, which can exceed the tensile strength of
grain material, so that grains are disrupted into small
fragments. Note that the grain shape is assumed to
be irregular, but we can approximate it as an equiv-
alent spherical grain of the effective size a which has
the same volume as the irregular one (see, e.g., Draine
& Weingartner 1996; Lazarian & Hoang 2007). This
RATD mechanism was described in detail in Hoang et al.
(2019). Therefore, here we briefly describe the RATD
mechanism for reference.
The luminosity of SNe Ia varies over time, which can
be approximately given by an analytical formula (Zheng
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et al. 2017):
LSNIa(t) = L0
(
t− t0
tp
)αr [
1 +
(
t− t0
tp
)sαd]−2/s
,
(1)
where L0 is the scaling parameter, and we take L0 = 2×
1010L. The first term describes the rising luminosity
of SNe Ia (Riess et al. 1999) while the second term is
the decrease luminosity function after the peak around
20 days. We take αr = 2, αd = 2.5, s = 1 , t0 = 0 days
and tp = 23 days (Hoang et al. 2019).
Since the luminosity of SNe Ia is time-dependent, the
grain angular velocity can only be obtained by numer-
ically solving the equation of motion (see Hoang et al.
2019):
Idω
dt
= ΓRAT − Iω
τdamp
, (2)
where I is the grain inertia moment with I = 8piρa5/15,
ΓRAT is radiative torques, and τdamp is the characteristic
timescale of grain rotational damping.
Usually, ΓRAT is the radiative torque averaged over
the radiation spectrum as given by:
ΓRAT = pia
2γurad
(
λ¯
2pi
)
QΓ, (3)
where pia2 is geometric cross-section, γ is the anisotropy
degree of the radiation field (0 ≤ γ ≤ 1), λ¯ is the mean
wavelength of the radiation spectrum, QΓ is the aver-
aged RAT efficiency. Here urad is the radiation energy
density of the radiation field which is equal to:
urad =
Lbole
−τ
4picd2
, (4)
where τ the effective optical depth defined by e−τ =∫
uλ×e−τλdλ/urad. Let U = urad/uISRF where uISRF =
8.64× 10−13 erg cm−3 is the energy density of the aver-
age radiation field in the solar neighborhood (see Hoang
et al. 2019).
In general, QΓ depends on the grain size and shape,
the wavelength and the angle between the direction of
the grain and incoming radiation (Lazarian & Hoang
2007; Herranen et al. 2019). Spectacularly, when the
anisotropic radiation direction is parallel to the axis of
maximum moment of the inertia of grain, Lazarian &
Hoang (2007), Hoang & Lazarian (2008) and Hoang &
Lazarian (2014) showed that QΓ could be approximated
by a power law:
QΓ =
≈ 2
(
λ¯
a
)−2.7
for a . atrans
∼ 0.4 for a > atrans,
 (5)
where atrans =
λ¯
1.8 .
The damping of grain rotation can arise from collisions
with gas atoms followed by evaporation and re-emission
of infrared radiation. The total damping rate can be
written as (Hoang et al. 2019):
τdamp =
τgas
1 + FIR
, (6)
where τgas is the rotational damping timescale due to
collisions given by
τgas ' 8.74× 104a−5ρˆ
(
30 cm−3
nH
)(
100 K
Tgas
)1/2
yr (7)
with a−5 = a/(10−5 cm) and ρˆ = ρ/3 g cm−3 with ρ the
dust mass density, nH the gas density and the gas tem-
perature Tgas (see Draine & Weingartner 1996; Hoang
& Lazarian 2009):
Assuming that grains are in thermal equilibrium be-
tween heating by stellar radiation and cooling by IR re-
emission, the IR damping coefficient can be estimated
as (see Draine & Lazarian 1998):
FIR ' 0.4U
2/3
a−5
30 cm−3
nH
(
100 K
Tgas
)1/2
. (8)
A spinning grain of angular velocity ω is disrupted
when the centrifugal stress S = ρa2ω2/4 exceeds the
maximum tensile strength of grain material Smax. The
critical velocity at which the disruption occurs is deter-
mined by S ≡ Smax, which yields
ωdisr =
2
a
(
Smax
ρ
)1/2
, (9)
where Smax depends on the grain material, internal
structure, and the grain size (see Hoang et al. 2019).
The disruption time is roughly estimated by
tdisr =
Iωdisr
dJ/dt
=
Iωdisr
ΓRAT
'38(γU6)−1λ¯1.70.5ρˆ1/2S1/2max,7a−0.7−5 days (10)
for adisr < a . atrans, and
tdisr '2.5(γU6)−1λ¯−10.5ρˆ1/2S1/2max,7a2−5 days (11)
for a > atrans where U6 = U/10
6.
Assuming the mass density ρ = 3.5 g cm−3 and
2.2 g cm−3 for silicate and graphite grains, one can see
that the disruption time of graphite grains is shorter
than that of silicate grains due to its lower mass den-
sity.
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2.2. Grain disruption sizes
The grain disruption size by the RATD mechanism
depends on the tensile strength of grain material Smax,
the strength of the radiation field which is determined
by the cloud distance to SNe Ia, the spectrum of the
radiation field, and the irradiation time. As in Hoang
et al. (2019), SNe Ia are considered a black-body radi-
ation source and have a constant effective temperature
of SNe Ia of 15000 K. This yields the mean wavelength
of λ¯ ≈ 0.35µm . We assume that the radiation field is
unidirectional, i.e., γ = 1.
We solve Equation (2) numerically to obtain ωRAT(t)
for a grid of grain sizes a and compare it with ωdisr(a)
(Eq. 9). The grain disruption size adisr and disruption
time tdisr are then determined (see Hoang et al. 2019
for details). As discussed in Hoang et al. (2019), small
grains acquire lower radiative torques than large grains
such that they can be spun-up to lower rotation rates.
In addition, Equation (9) reveals that small grains have
the higher critical angular velocity to be disrupted. As
a result, large grains can be disrupted into smaller ones,
but small grains may survive RATD.
Figure 1 (upper panel) shows the variation of grain
disruption size with cloud distance at t = 15, 30, 45 and
60 days, assuming Smax = 10
7 erg cm−3 and the typical
gas density nH = 30 cm
−3. For distant clouds (d > 3.5
pc), grain disruption cannot occur because of insufficient
radiation intensity, and we set adisr to the popular upper
cutoff of the grain size distribution of amax = 0.25µm
(Mathis et al. 1977). As the cloud distance decreases
(i.e., radiation energy density increases as d−2), the
grain disruption size increases rapidly. Moreover, within
15 days, only grains within d ∼ 1.5 pc can be disrupted,
and after 60 days, even grains located at d ∼ 3 pc can
be disrupted.
Figure 1 (lower panel) shows the variation of the grain
disruption size with time for the different cloud distances
where the initial value is equal to 0.25µm. For a given
distance, the disruption size starts to decrease rapidly
with time from the original value after some disruption
time tdisr, and it achieves saturated values when the dis-
ruption ends. Dust grains closer to SNe Ia receive higher
radiation flux and have shorter tdisr. As a result, one
sees the decrease of adisr begins earlier, but its satura-
tion also ends earlier than grains at farther distances.
For example, from Figure 1 (lower panel), one can ob-
tain tdisr ∼ 6, 10, 19 and 34 days for silicate grains at
d = 0.5, 1, 2 and 3 pc, respectively (see more details
in Figure 3 in Hoang et al. (2019). The decrease of
adisr starts from t ∼ tdisr and achieves its saturation of
adisr ∼ 0.01 − 0.03µm. We note that for all considered
cloud distances in Figure 1, the grain disruption ceases
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Figure 1. Upper panel: disruption size of silicate grains
as a function of cloud distance evaluated at 15 days, 30
days, 45 days and 60 days, assuming the tensile strength
Smax = 10
7 erg cm−3. Lower panel: disruption size of sili-
cate vs. time for the dust cloud located between 0.5− 3 pc.
The disruption size starts to decrease from an original value
of 0.25µm after some disruption time tdisr marked by the
vertical dotted line.
after about about 60 days because the SNe luminosity
already fade away substantially after its peak.
Figure 2 (upper panel) presents the disruption size of
silicate grains as a function of the cloud distance for
different maximum tensile strengths. Grains with lower
tensile strength can be disrupted out to a larger dis-
tance than those with higher Smax. This can be seen
from Equation (9) that grains with higher Smax have a
higher critical angular velocity and require a higher ra-
diation energy (i.e., smaller distance) to be disrupted.
For example, at a given cloud distance of 1 pc, the dis-
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Figure 2. Disruption size of silicate vs. cloud distance
evaluated at 200 days (upper panel) and disruption size vs.
time for clouds at 1 pc for different values of Smax. Vertical
lines mark the disruption time by RATD.
ruption size adisr ∼ 0.009µm for Smax = 107 erg cm−3,
it increases to adisr ∼ 0.07µm for Smax = 109 erg cm−3,
and there is no disruption for very strong material of
Smax = 10
10 erg cm−3. Moreover, the active region
Ddisr of RATD, i.e., disruption region, is smaller when
grains have higher maximum tensile strength. For ex-
ample, the disruption distance decreases from Ddisr = 4
pc for Smax = 10
7 erg cm−3 to Ddisr = 0.5 pc for
Smax = 10
10 erg cm−3.
Figure 2 (lower panel) shows the disruption size of
silicate as a function of time for a dust cloud at 1 pc for
different Smax. The disruption time of grains with higher
Smax is longer and the grain disruption stops earlier at a
higher saturated grain size. For example, the disruption
time is tdisr ∼ 10, 17 and 38 days for Smax = 107, 108 and
109 erg cm−3, respectively. The final disruption sizes are
adisr ∼ 0.01, 0.03 and 0.1µm for these tensile strengths.
We also calculated the grain disruption size for the
different gas density nH ∼ 10−104 cm−3 and found that
the disruption size is almost the same for clouds within
4 pc from the source. This arises from the fact that
the strong radiation field of SNe Ia induces FIR>>1, IR
damping dominates over gas damping, so that nH from
τgas and FIR are canceled out in Equation 6. As a result,
the rotational damping rate τdamp only depends on the
radiation strength.
3. EXTINCTION OF SNE LIGHT IN THE
PRESENCE OF RATD EFFECT
3.1. Grain size distribution
For simplicity, we assume that dust grains follow a
power law size distribution:
dnj
da
= CjnHa
α, (12)
where j denotes the grain composition of silicate and
graphite, Cj is the constant, and α is the power slope.
For the standard ISM in our galaxy, Mathis
et al. (1977)) derives the slope α = −3.5, and
Csil = 10
−25.11 cm2.5 for silicate grains and Cgra =
10−25.14 cm2.5 for graphite grains. The size distribution
has a lower cutoff amin = 3.5 A˚ determined by ther-
mal sublimation due to temperature fluctuations of very
small grains (see e.g., Draine & Li 2007), and an upper
cutoff of amax = 0.25µm (Mathis et al. 1977).
In the presence of RATD, largest grains are disrupted
into smaller ones, resulting in the decrease of amax, and
we can set amax = adisr for the diffuse ISM. Since the
dust mass is conserved in the RATD picture, obviously,
the grain size distribution dn/da must be modified.
Due to the lack of experimental study on the size dis-
tribution of resulting fragments from rotational disrup-
tion, we will assume that the new grain size distribution
also follows a power law. One can imagine there are
three possible ways to model the size distribution of the
new size distribution. First, the power slope should vary,
but the normalization constant C is assumed to be fixed
(model 1). Second, the slope is assumed to be fixed, but
the normalization constant C varies (model 2). Third,
both C and the slope should vary (model 3). Model
1 corresponds to the case in which the original large
grain is made up of small constituents that have various
sizes. The model 2 corresponds to the case where an
original large grain is disrupted into smaller fragments
which follows the same size distribution as the original
one. Model 3 would require a detailed understanding of
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the internal structure of dust grains which is uncertain
and thus beyond the scope of this paper. So we consider
here model 1 and will discuss its difference with model
2 in Appendix A.
For a given grain disruption size adisr, the new value
of the size distribution slope is determined by the con-
servation of the dust mass:
amax∫
amin
a3Ca−3.5da =
adisr∫
amin
a3Cnewa
αda, (13)
which yields
a4+αdisr − a4+αmin
4 + α
=
a0.5max − a0.5min
0.5
. (14)
The new slope α is obtained by solving numerically
Equation (14). Note that the unit of the constant Cnew
must be changed accordingly to conform with the new
slope α.
3.2. Extinction curve
The radiation intensity of SNe Ia is reduced due to the
absorption and scattering (i.e., extinction) of dust and
gas along the line of sight. The extinction efficiency of
light by a dust grain is defined by:
Qext =
Cext
S
=
Cext
pia2
, (15)
where Cext is the extinction cross-section. We use a
mixed-dust model comprising silicate and graphite ma-
terials (Weingartner & Draine 2001; Draine & Li 2007)
and take Cext calculated for oblate spheroidal grains of
axial ratio a/b = 2 from Hoang et al. (2013).
The extinction of supernova light at wavelength λ in a
unit of magnitude per atom is given by (see e.g., Hoang
et al. 2013):
A(λ)
NH
=
∑
j=sil,gra
1.086
amax∫
amin
Cjext(a)
(
1
nH
dnj
da
)
da, (16)
where NH =
∫
nHdz = nHL with L the path length is
the column density, dnj/da is the grain size distribution
of dust component j, and amax = adisr.
For a given adisr, the new grain size distribution func-
tion is obtained, and we can calculate the wavelength-
dependence extinction by dust being modified by RATD
using Equation (16).
Figure 3 shows the extinction curves evaluated at
different times for dust grains located at distance
d = 1 pc from the source and the maximum ten-
sile strength Smax = 10
7 erg cm−3 (upper panel) and
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Figure 3. Extinction curves evaluated at different times for
Smax = 10
7 erg cm−3 (upper panel) and Smax = 108 erg cm−3
(lower panel), assuming the dust cloud at 1 pc from SNe
Ia. Extinction at λ > 0.4µm decreases while extinction at
λ < 0.4µm increases over time.
Smax = 10
8 erg cm−3 (lower panel). In the upper panel,
the extinction curve at t = 5 days (red dashed line)
is the same as the extinction at t = 1 days because
t < tdisr (see Eq. 10). For t > tdisr ∼ 10 days (see
Figure 1, lower panel), the optical-NIR extinction de-
creases rapidly with time due to the removal of large
grains by RATD. On the other hand, the UV extinction
is increased due to the enhancement in the abundance
of small grains by RATD. The extinction at λ > 7µm
is essentially unchanged because of λ (2pia).
The lower panel of Figure 3 shows the extinction curve
for grains with Smax = 10
8 erg cm−3. The variation in
the extinction curve with time is similar to the upper
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panel, but it starts later because of larger disruption
time with tdisr ∼ 15 days (see Figure 2 (lower panel)).
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Figure 4. Extinction curve evaluated at t = 45 days for
the different cloud distance d = 0.5, 1, 2 and 4 pc for Smax =
107 erg cm−3 (upper panel) and Smax = 108 erg cm−3 (lower
panel). Extinction curve at d = 4 pc is closely similar to
that of the original dust without RATD.
Figure 4 shows the extinction curve for the differ-
ent cloud distances at t = 45 days, assuming Smax =
107 erg cm−3 (upper panel) and Smax = 108 erg cm−3
(lower panel). The optical-NIR extinction decreases
while the NUV extinction increases with decreasing the
cloud distance. This is a direct consequence of the de-
pendence of the grain disruption size on the cloud dis-
tance as shown in Figure 1.
Figure 5 shows the time-dependence of the ra-
tio A(λ, t)/A(λ, 0) for the different photometric bands
(FUV to R bands) and different cloud distances. Here
we choose λ = 0.15µm for the far-UV band (FUV),
λ = 0.25µm for the mid-UV band (MUV) and λ =
0.3µm for the near-UV band (NUV). As shown, the ra-
tio A(λ, t)/A(λ, 0) is constant during the initial stage
of t < tdisr before grain disruption, and it starts to
rapidly change when RATD begins at tdisr. For exam-
ple, optical-NIR extinction (e.g., R-band, black line) de-
creases rapidly with time, but the UV extinction (FUV-
U bands) increases first and then decreases with time.
The reason is that the optical extinction is produced by
large grains which have short disruption time by RATD
(see Hoang et al. 2019), and the production of small
grains by RATD results in higher UV extinction. We
also see that the amplitude of the extinction variation is
smaller for more distant clouds.
3.3. Time variation of color excess E(B − V ) and RV
From A(λ, t) we can calculate the color excess E(B−
V) = AB−AV and the total-to-selective extinction ratio
RV = AV/E(B−V ) to study how these quantities vary
with time due to RATD.
Figure 6 (upper panel) shows the variation of E(B −
V, t)/E(B − V, 0) with time for the different cloud dis-
tances. For a given cloud distance, the color excess re-
mains constant until grain disruption begins at t ∼ tdisr.
Subsequently, the ratio increases rapidly and then de-
creases to a saturated level when RATD ceases. For
example, at distance d = 2 pc, the color excess starts to
rise at t ∼ 20 days and declines again to the saturated
value at t ∼ 40 days.
Figure 6 (lower panel) shows the variation of RV with
time. The value RV starts to rapidly decrease from the
initial value of RV = 3.1, corresponding with the average
RV in the diffuse medium of the Milky Way, to RV ∼
1 − 1.5 after less than 40 days. The moment where
RV starts to decline coincides with that of E(B − V ),
which is determined by the grain disruption time tdisr
(see, e.g., Figure 1). We note that although E(B − V )
has some fluctuations over time, RV tends to decrease
smoothly because AV always decreases with time due
to the disruption of large grains by RATD (see Figure
1). The decrease of RV starts earlier for grains closer to
the source due to shorter tdisr and also achieve a smaller
terminal value. For example, a dust cloud located at 0.5
pc will have RV to decreases after 5 days and gives the
minimum value of 0.5 after 15 days, while at 2 pc, it
takes 20 days to drop RV down and the final value ∼
1.4.
Figure 7 (upper panel) shows the variation of RV eval-
uated at t = 45 days with cloud distance for the different
tensile strength Smax. Dust grains with a lower Smax can
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Figure 5. Variation of the ratio A(λ, t)/A(λ, 0) from UV to R bands with time for the different cloud distances. Vertical lines
mark the disruption time of graphite which occurs earlier than silicates. The ratio is constant initially and starts to vary with
time when RATD begins at tdisr. After the disruption ceases, the ratio is constant again.
be disrupted out to a larger distance (see Figure 2), so
thatRV starts to decrease from a larger distance. On the
other hand, grains with very high Smax ≥ 109 erg cm−3
can be disrupted within a small distance of d ∼ 1 pc,
thus one only can observe the smaller value of RV if the
cloud is close to the source.
Figure 7 (lower panel) shows the variation of RV with
time for a dust cloud at distance d = 1 pc. Weaker
grains have RV decreasing sooner and achieve a lower
terminal value than stronger ones due to the dependence
of RATD on the material strength (see Figure 2). For
example, dust in the cloud at 1.5 pc after 45 days will
give RV = 1.1 for Smax = 10
7 erg cm−3, 1.4 for Smax =
108 erg cm−3 and RV = 3.1 with all grains of Smax ≥
109 erg cm−3.
4. POLARIZATION OF SNE LIGHT IN THE
PRESENCE OF RAT ALIGNMENT AND RATD
4.1. Grain alignment by RATs
An anisotropic radiation field can align dust grains
via the RAT mechanism (see Andersson et al. 2015 and
Lazarian et al. 2015 for reviews). In the unified theory
of RAT alignment, grains are first spun-up to suprather-
mal rotation and then driven to be aligned with the am-
bient magnetic fields by superparamagnetic relaxation
within grains having iron inclusions (Hoang & Lazar-
ian 2016). Therefore, grains are only efficiently aligned
when they can rotate suprathermally. One can adopt
the suprathermal condition as follows (Hoang & Lazar-
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Figure 6. Time variation of E(B − V ) (upper panel) and
RV (lower panel) for different cloud distances and Smax =
107 erg cm−3. Both E(B−V ) and RV begin to change when
grain disruption begin at t ∼ tdisr (marked by vertical dotted
lines). RV decreases rapidly from their original values from
t = tdisr to 40 days and then almost saturates when RATD
ceases.
ian 2008):
ωRAT(t) & 3ωT , (17)
where ωT is the thermal angular velocity of dust grains
at gas temperature Tgas as given by
ωT =
√
2kTgas
I
' 2.3× 105ρˆ−1/2T 1/22 a−5/2−5 rads−1,
(18)
where T2 = Tgas/100 K.
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panel), and RV vs. time for the cloud distance of 1 pc (lower
panel), assuming the different values of Smax.
Let aalign be the critical size of aligned grains.
Then, aalign can be determined by using the condition
ωRAT(t) = 3ωT .
The grain alignment timescale is given the timescale
required for RATs to spin-up grains to the suprathermal
rotation:
τalign ≡ 3IωT
ΓRAT
' 0.6
(
d2pc
L8e−τ
)
λ¯1.70.5a
−2.2
−5 T
1/2
2 days,(19)
where ΓRAT is given by Equation (3) with a . λ¯/1.8
(see also Hoang 2017).
In Figure 8, we show the variation of alignment size
with time for the different cloud distances. During the
first stage, the alignment size is constant, which is equal
to the typical value aalign ∼ 0.055µm induced by the av-
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Figure 8. Critical size of grain alignment by RATs vs. time
for the different cloud distances The alignment size starts
to decrease rapidly from the original value when enhanced
alignment by SNe radiation begins marked by vertical dotted
lines. The decrease continues to their terminal values.
erage ISRF. Due to intense SNe radiation, the alignment
size starts to decrease after some alignment time (talign)
from the original value to smaller values. One can see
that the alignment time by SNe Ia is talign ∼ 3− 7 days
for d = 0.5− 3 pc. Grains in a more distant cloud have
larger alignment sizes, such as small grains at 0.5 pc can
be aligned up to 0.005 µm after 10 days but it is still
0.05µm with the cloud father than 1 pc (see also Eq.
19).
4.2. Modeling SNe Polarization
We assume that only silicate grains can be aligned
with the magnetic field, whereas graphite grains are not
efficiently aligned (Chiar et al. 2006; see Hoang & Lazar-
ian 2016 for explanation).1 For the magnetic field in the
plane of the sky, the degree of starlight polarization per
H atom due to aligned grains in the unit of % is given
by (Hoang 2017):
P (λ)
NH
= 100
amax∫
aalign
1
2
Cpol(a)f(a)
(
1
nH
dn
da
)
da, (20)
where Cpol = Qpolpia
2 is the polarization cross-section
with Qpol the polarization efficiency, and f(a) is the
1 Although carbonaceous grains are expected to be aligned via k-
RAT mechanism (see Lazarian & Hoang 2018), their degree of
alignment is not yet quantified, in contrast for silicate grains
which have alignment degree quantified in Hoang & Lazarian
(2016) using numerical simulations.
alignment function describing the grain-size dependence
of the grain alignment degree, and amax ≡ adisr. For our
modeling, we consider the oblate grain shape and take
data of Qpol computed by Hoang et al. (2013).
The alignment function can be modeled by the follow-
ing function:
f(a) = 1− exp
[
−
(
0.5a
aalign
)3]
, (21)
which yields the perfect alignment f(a) = 1 for large
grains of a  aalign and adequately approximates the
numerical results from Hoang & Lazarian (2016) as well
as results from inverse modeling of starlight polarization
(Hoang et al. 2014; Hoang 2017).
4.3. Polarization curves
Figure 9 (upper panel) shows the polarization curve
given by the cloud at 1 pc with time for Smax =
107 erg cm−3 (upper panel) and Smax = 108 erg cm−3
(lower panel) as a result of RAT alignment and RATD.
At t . 1 days, dust grains are aligned by the diffuse
interstellar radiation, so the maximum polarization at
λmax is around 0.55µm. After that, SNe radiation dom-
inates and makes smaller grains to be aligned. As a
result, the UV polarization is increased rapidly, and the
peak wavelength is shifted toward the blue. The de-
gree of polarization at long wavelengths (λ > 0.5µm) is
slightly increased. After t ∼ 10 days, grain disruption
by RATD begins (see Figure 1), reducing the abundance
of large grains. Therefore, the degree of optical-NIR po-
larization decreases substantially, which results in a nar-
rower the polarization profile compared to the original
polarization curve.
Figure 9 (lower panel) shows the similar results, but
with Smax = 10
8 erg cm−3. The same trend as the upper
panel is observed, but the significant decrease of optical-
NIR polarization is only seen at a later time of t & 14
days because grains of stronger material require more
time to disrupt (see Figure 2). One note that the polar-
ization curves at 10 days and 14 days are very similar,
revealing that grain alignment is saturated.
Figure 10 shows the polarization curve calculated at
t = 20 days for the different cloud distances, assum-
ing Smax = 10
7 erg cm−3 (upper panel) and Smax =
108 erg cm−3 (lower panel). The optical-NIR polariza-
tion decreases significantly with decreasing the cloud
distance. This arises from the fact that grains closer
to the source experience stronger disruption due to the
dependence of the radiation flux as 1/d2 (see Figure 2).
At the same time, the peak wavelength λmax is smaller
for grains at smaller distances due to more efficient align-
ment of grains by RATs.
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Figure 9. Polarization curves evaluated at different times
for dust cloud at 1pc, assuming Smax = 10
7 erg cm−3 (upper
panel) and Smax = 10
8 erg cm−3 (lower panel). Enhanced
alignment of small grains induces blueshift of the peak wave-
length. The RATD effect reduces polarization at λ > 0.3µm,
and the efficiency is weaker for higher Smax.
Above we have assumed that only silicate grains are
aligned with the magnetic field. Nevertheless, the peak
wavelength of polarization would be not much different
when carbonaceous grains are assumed to be aligned
because it mostly depends on the alignment function.
4.4. Time-variation of dust polarization and peak
wavelength
Figure 11 shows the temporal variation of
P (λ, t)/P (λ, 0) from FUV to R bands for the differ-
ent cloud distances. During the initial stage, the ratio
P (λ, t)/P (λ, 0) is constant, however, this stage is rather
short, between 1 − 5 days corresponding to the align-
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Figure 10. Polarization curve evaluated at t = 20 days for
the different cloud distance, assuming Smax = 10
7 erg cm−3
(upper panel) and Smax = 10
8 erg cm−3 (lower panel).
ment timescale talign (see Figure 8; also Hoang 2017).
After that, the polarization degree increases gradually
and this rising period continues until t ∼ 5 − 30 days
until the grain disruption begins (i.e., at t = tdisr) for
d = 0.5 − 3 pc. The polarization degree then declines
rapidly when grain disruption by RATD begins to occur.
The polarization degree achieves a saturated level when
RATD ceases, which occurs after t ∼ 20 days for d = 0.5
pc, 40 days for d = 1 pc, respectively. In summary, due
to RAT alignment and RATD, the polarization degree
increases from talign to tdisr, and it decreases rapidly at
t > tdisr.
Figure 12 (upper panel) presents the variation of the
peak wavelength with time for dust clouds at different
locations and Smax = 10
7 erg cm−3. Initially, λmax ∼
12 Giang, Hoang, and Tram
0 10 20 30 40 50 60
time (days)
10 2
10 1
100
101
102
P(
,t
) /
 P
(
,0
)
t al
ig
n =
 1
.0
5 
da
ys
t di
sr
 =
 6
.0
5 
da
ys
0.5 pc
FUV band
MUV band
NUV band
U band
B band
V band
R band
0 10 20 30 40 50 60
time (days)
10 2
10 1
100
101
102
P(
,t
) /
 P
(
,0
)
t al
ig
n =
 2
.0
5 
da
ys
t di
sr
 =
 1
0.
05
 d
ay
s
1 pc
FUV band
MUV band
NUV band
U band
B band
V band
R band
0 10 20 30 40 50 60
time (days)
10 1
100
101
102
P(
,t
) /
 P
(
,0
)
t al
ig
n =
 3
.5
5 
da
ys
t di
sr
 =
 1
9.
05
 d
ay
s
2 pc
FUV band
MUV band
NUV band
U band
B band
V band
R band
0 10 20 30 40 50 60
time (days)
10 1
100
101
102
P(
,t
) /
 P
(
,0
)
t al
ig
n =
 5
.0
5 
da
ys
t di
sr
 =
 3
4.
05
 d
ay
s
3 pc
FUV band
MUV band
NUV band
U band
B band
V band
R band
Figure 11. Ratio P (λ, t)/P (λ, 0) vs. time from FUV to V band for different cloud distances assuming Smax = 10
7 erg cm−3.
Optical/NIR polarization degree first increases due to enhanced alignment by RATs and then declines when grain disruption
by RATD starts. Dotted vertical lines mark alignment time (talign) and disruption time (tdisr) of silicate grains.
0.55µm is produced by grains aligned by the interstellar
radiation field (Hoang & Lazarian 2014). In the presence
of strong SNe radiation, smaller grains can be aligned,
resulting in a rapid decrease of λmax. Dust grains at
farther distances receive lower radiation energy density
such that λmax start to decrease later and stops at higher
λmax. For example, dust at 0.5 pc give λmax ≤ 0.5µm
after ∼ 1 day and stop at 0.1µm, while dust at 3 pc
needs ∼ 8 days to begin and give the minimum λmax ∼
0.15µm.
Figure 12 (lower panel) shows the comparison of λmax
during 60 days with (solid line) and without (dashed
line) dust disruption. As shown, λmax in the two cases
are similar in the early times and become different when
grain disruption begins. Their difference is larger at a
shorter distance because grain disruption is stronger.
The dashed line shows that alignment grain size sat-
urates earlier than disruption grain size, such that λmax
remains unchanged just after 10 day (for grain at 0.5 pc)
and 20 day (for grain at 2 pc). The slower disruption
rate at the distant cloud will makes λmax to be constant
longer.
4.5. Effect of size-dependence tensile strength
Till now, we calculated the grain disruption size,
RV and λmax by assuming that the maximum tensile
strength is constant for all grain sizes. A more realis-
tic situation is that small grains would have compact
structures and thus have a higher Smax. To see how the
size-dependent tensile strength affects our results, we
now assume Smax = 10
7 erg cm−3 for grains larger than
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Figure 12. Upper panel: decrease of the peak wave-
length λmax with time during the first 20 days due to RAT
alignment, assuming dust cloud between 0.5 − 3 pc and
Smax = 10
7 erg cm−3. Lower panel: Comparison of λmax
with time for cloud distances of 0.5 pc and 2 pc with RATD
(solid line) and without RATD (dashed line). RATD has a
small effect on the peak wavelength.
∼ 0.05µm and Smax = 109 erg cm−3 for grains smaller
than 0.05µm.
Figure 13 (top panel) shows the grain disruption size
for constant Smax (dashed lines) and changing Smax
(solid lines) for the different cloud distances. In the
latter case, the grain disruption size is decreased to a
final value of 0.05µm if the radiation energy density is
not strong enough to destroy further.
Same as the top panel, but Figure 13 (middle panel)
shows RV versus time for constant (dashed lines) and
changing Smax (solid lines). The RV values in two cases
decrease rapidly with time, but the latter case has higher
terminal values of RV ∼ 1.45 due to higher disruption
sizes (see top panel).
Figure 13 (bottom panel) shows the time dependence
of λmax during 60 days for constant (dashed lines) and
changing Smax (solid lines). For the latter case, the ter-
minal peak wavelength is slightly larger than the former
case, e.g., λmax = 0.13µm at 1 pc and λmax = 0.15µm
at 2 pc. From the middle and top panels, it appears
that the effect of changing Smax has a more important
effect on RV than on λmax.
5. EFFECT OF RATD ON THE SNE IA LIGHT
CURVE
In Section 3, we show the disruption of large grains
into smaller ones by RATD increases the dust extinction
in the NUV band and decreases in the optical and NIR
band with time. As a result, the observed radiation
spectrum of SNe Ia would be different from the case
where dust properties are constant, i.e., in the absence of
RATD. In this section, we use the new extinction value
calculated from Section 3 to predict how the SNe Ia light
curve changes with time in the presence of RATD.
Let us first derive a simplified intrinsic light curve of
the SNe Ia. The explosion of SNe Ia releases a huge
amount of energy and eject all material into space in
the short time. Its radius will increase dramatically,
and the temperature will drop during the free expanding
phase. For our simple model, we assume the total energy
E ∼ 1051 erg is the constant during this phase, and the
ejecta of mass Mej = 1.4M will move with the constant
velocity: v =
√
2E/Mej ∼ 104E1/251 (M/Mej)1/2km s−1
with E51 = E/10
51 erg. The total bolometric luminosity
of SNe Ia is given by:
Lbol = 4piR
2σT 4SN, (22)
where R = vt is the radius of SNe Ia after t time and
TSN is its effective temperature. Using Lbol in Equation
(1), the effective temperature of SNe Ia decreases with
time as
TSN ' 104
(
Lbol
109L
)1/4(
104km s−1
v
)1/2(
t
1 days
)1/2
K.
(23)
The intensity of SNe radiation after propagating
through a dusty cloud at wavelength λ is governed by
Iλ(t) = I
0
λe
−τ(λ,t), (24)
where
I0λ =
2hc2
λ5
1
exp(hc/λkTSN)− 1 , (25)
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Figure 13. Comparison of adisr (top panel), RV (middle
panel) and λmax (bottom panel) vs. time with constant
(dashed lines) and changing Smax (solid lines).
is the intrinsic specific radiation intensity, and the op-
tical depth τ(λ, t) = A(λ, t)/1.086. Here, the infrared
thermal emission from dust grains is disregarded be-
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Figure 14. Comparison of the intrinsic radiation intensity
from a SN Ia (black line) with the radiation intensity attenu-
ated by dust extinction evaluated at the different times from
5 to 2 days (dashed lines), assuming the cloud distance of
d = 1 pc.
cause we are interested only in the UV-NIR spectrum
of SNe Ia. With A(λ, t) obtained in Section 3, one can
calculate the observed radiation intensity via Equation
(24).2
Figure 14 shows the UV-NIR spectrum of a SN Ia
observed at the different times (dashed and dot-dashed
lines) compared with the intrinsic spectrum (black solid
line). We assume the visual extinction estimated for SN
1986G of AV = 2.03 mag to derive the total gas col-
umn density NH = 3.14× 1021 cm−2. The black dashed
line represents the observed SNe spectrum with constant
dust extinction of AV(t = 0) = 2.03 (no disruption), and
the color dot-dashed line shows the results when RATD
is taken into account. Without RATD, the observed SNe
spectrum appears constant with time but will vary in the
presence of RATD. Indeed, due to RATD, large grains
are disrupted in smaller grains, increasing the extinc-
tion at the NUV band, such that SNe Ia become redder.
In contrast, the decrease of the extinction in the opti-
cal and NIR band due to grain disruption makes SNe
Ia brighter than with time. The radiation intensity at
long wavelengths (λ ∼ 3− 5µm) is not affected by dust
disruption because of optically thin regime (see Section
3).
2 Here, to illustrate the effect of time-varying dust extinction, we
disregard the rising phase of the SNe light curve. With A(λ, t)
available from Section 3, one can predict the observed intensity
for an accurate intrinsic intensity without difficulty.
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Figure 15. Specific intensity at the different bands as a function of time without (dashed lines) and with (solid lines) rotational
disruption, assuming the different dust cloud distances from 0.5 pc to 3 pc. The tensile strength Smax = 10
7 erg cm−3 is
considered. Vertical dotted lines mark the disruption time of graphite grains.
To see more detail about time variation of SNe col-
ors, in Figure 15, we show the light intensity at FUV
(0.15µm), MUV (0.25µm), NUV (0.3µm), U, B, V and
R bands for the different dust cloud locations, assum-
ing Smax = 10
7 erg cm−3. In the absence of RATD,
the radiation intensity of SNe Ia at the different bands
only decreases with time due to the decrease of TSN.
However, in the presence of RATD, the radiation inten-
sity from optical-NIR wavelengths exhibits an abrupt
increase (i.e., SNe become re-brighter), whereas it has a
drop at FUV-NUV bands (solid lines) due to the effect
of grain disruption. The ”rebrighter” time in optical-
NIR is longer for more distant clouds. For instance, the
re-brighter time trebrighter ∼ tdisr ∼ 10 days for d = 0.5
pc and tre−brighter ∼ 30 days for d = 3 pc.
Figure 16 presents the same as Figure 15 but with
grains with Smax = 10
8 erg cm−3. One can see that the
large disruption grain size of the stronger grains gives
a smaller effect on the dust extinction in UV-NIR band
than the light grain. As a result, the ’rebrighter’ and
’redimmer’ feature due to the reduction of the extinction
in the visible band and increase in the FUV-NUV band
smaller and nearly no effect if the cloud is farther than
2 pc.
Note that to highlight the effect of RATD on the ob-
served SNe Ia light curve, we have modeled the intrinsic
SNe Ia light curve as a fireball with a constant expan-
sion velocity. However, the radioactivity of synthesized
Ni56 and Co56 (Arnett 1982) can provide more radiative
energy, such that the peak luminosity of SNe Ia and the
effective temperature would be different from our simpli-
fied model. Nevertheless, we expect the effect of RATD
on the SNe light curve is similar.
6. DISCUSSION
6.1. Comparison of RV and λmax from our models
with SNe Ia data
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Figure 16. Same as Figure 15 but for grain has Smax = 10
8 erg cm−3.
Using RATD theory, we have computed the extinction
curves A(λ, t) by dust grains which have the grain size
distribution being modified by RATD at the different
times and dust cloud distances in Section 3.3. Our ob-
tained results show that, due to RATD, RV rapidly de-
creases with time, from an original value of RV = 3.1 to
small values of RV ∼ 1.5 after a timescale tdisr ∼ 50−60
days if the dust cloud is located within d ∼ 4 pc from the
supernova (see Figure 6). The final value RV achieved
when RATD ceases is smaller for the dust cloud closer to
the supernova, but it increases with the tensile strength
of grains (see Figures 6 ). Comparing our results with
the observational data of SNe Ia (see Table 1), one can
see that the RATD can successfully reproduce the un-
usual low values of RV observed toward many SNe Ia
(see Table 1; Burns et al. 2014; Cikota et al. 2016).
We also modeled the polarization of SNe Ia light by
grains aligned with the magnetic fields using RAT mech-
anism in Section 4. Our results show that the peak
wavelength λmax decreases from the standard ISM value
∼ 0.55µm to λmax < 0.2µm due to RAT alignment af-
ter a timescale of talign ∼ 5− 20 days for clouds at dis-
tance within 4 pc (see Figure 12, upper panel). These
results can reproduce the low values of λmax observed
toward SNe Ia (see Table 1; Patat et al. 2015; Zelaya
et al. 2017). We note that the characteristic timescale
for achieving terminal λmax is much shorter than that
for terminal RV because talign < tdisr.
From lower panel of Figure 12, one can see that the
main reason for the decrease of λmax from 0.5µm to
0.2µm is due to the alignment of small grains by RAT
mechanism as suggested by Hoang (2017). Therefore, to
obtain a higher λmax, one can increase the critical limit
for suprathermal rotation, i.e., Tgas.
Figure 17 shows the peak wavelength of the dust po-
larization for the different gas temperatures and the dust
cloud at 3 pc from the source. Here the grain disruption
is not considered in order to focus on the effect of grain
alignment. The peak wavelength increases with increas-
ing the gas temperatures because higher temperatures
result in larger ωT such that stronger radiation energy
is required spin-up grains to suprathermal rotation and
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Figure 17. The peak wavelength λmax during 60 days for
the different gas temperature and cloud distance d = 3 pc,
assuming Smax = 10
7 erg cm3.
align grains efficiently. For example, a dust cloud at 3
pc will give λmax ∼ 0.3µm if Tgas = 105 K, two times
larger than the case Tgas = 10
3 K.
6.2. Test RATD and RAT alignment mechanisms with
time-variation of SNe Ia extinction and
polarization
Our modeling results of extinction by RATD reveals
that the extinction and RV remains constant until the
grain disruption occurs at t = tdisr spanning 5−30 days
depending on the distance (right panel of Figure 6) and
grain tensile strength Smax (Figure 7). Beyond tdisr,
the optical-NIR extinction and RV decrease rapidly and
achieve saturated levels after 50− 60 days for the cloud
distance d < 4 pc. Therefore, by observing SNe Ia at
early times and infer time-dependence RV , one can test
the RATD mechanism.
On the other hand, our modeling of dust polarization
due to grains aligned by the RAT mechanism show that
the dust polarization starts to increase after a timescale
corresponding to the alignment timescale, talign, which
spans between 3− 10 days (see Figure 9 and 10). When
the RATD begins at t ∼ tdisr > talign, the polariza-
tion starts to decrease rapidly over time, and its time-
variation is similar to that of the extinction. There-
fore, the best strategy to test RAT alignment mecha-
nism is to observe the SNe Ia polarization at earliest
times t < 5− 15 days if the dust cloud is located within
4 pc from the source. This is important for interpreting
the photometric and polarimetric data of SNe Ia with
high dust reddening.
6.3. Effect of RATD on SNe Ia colors and light curves
Dust extinction is considered the most important sys-
tematic uncertainty for SNe Ia cosmology (Scolnic et al.
2019). Understanding better the intrinsic light curves
will provide the better study the physical properties and
the evolution of SNe Ia (Burns et al. 2014) and allows a
precise measurement of cosmological constant and more
precise constraint on dark energy.
Usually, to infer the intrinsic light curve of SNe Ia, one
adopts a typical model of constant dust extinction and
fits the model to observational data. However, here we
show that the properties of dust within 4 pc from SNe
Ia are modified by supernova radiation via RATD, thus,
and their extinction curves are fundamentally different
from the typical dust model if there exists some dust
clouds within 4 pc from the source. Therefore, to achieve
an high accuracy of the intrinsic SNe Ia light curve, we
suggest to conduct observations at the earliest times as
possible, ideally within the first ten days after the first
light when grain disruption has not occurred yet.
The situation becomes more complicated for deriv-
ing intrinsic SNe Ia colors because the intrinsic colors
of SNe Ia are expected to vary with time (see Goobar
2008). Moreover, as shown in Figure 6, the color excess
E(B − V ) by dust extinction first increases with time
and then it declines slowly. This trend may already be
seen toward many SNe Ia (see Bulla et al. 2018).
6.4. Constraining the distance and properties of dusty
clouds toward SNe Ia with observations
Understanding the distance and physical properties
of dust clouds to SNe Ia is essential for inferring the
intrinsic SN light curve as shown previously (Goobar
2008; Bulla et al. 2018) as well as in this paper.
In Section 5, we show that SNe Ia become re-brighter
at optical-NIR bands accompanied by a sudden dim-
mer at UV bands when grain disruption begins. The
rebrighter time is essentially the same as the disruption
time tdisr which is a function of the cloud distance to the
source (Hoang et al. 2019). Therefore, one can constrain
the cloud distance by observing the SNe Ia colors and
identify the re-brighter time. On the other hand, the po-
larization at optical-NIR bands decreases substantially
due to RATD. As a result, a simultaneous decrease in
the polarization together with re-brighter would be a
smoking gun for RATD and for inferring the cloud dis-
tance.
We note that the cloud distance of some SNe Ia
were constrained in Bulla et al. (2018) using the time-
variation of color excess E(B−V ) caused by scattering of
photons by dust. Yet, their analysis assumed a standard
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grain size distribution from the Milky way which cannot
reproduce the unusual low values of RV and λmax.
Physical and chemical properties of the dusty cloud
near SNe Ia are also poorly known. Usually, one derives
the gas column density of the dust cloud using the stan-
dard relationship NH/AV ≈ 5.8× 1021 cm−2mag−1/RV
(Draine 2003). Yet, the optical extinction decreases with
time from the original value if the cloud is located within
4 pc from the source (see Figure 3). Therefore, the esti-
mate of NH using the observed AV would yield a lower
value than the actual column density.
6.5. On the origin of anomalous K − λmax and
K −RV relationships of SNe Ia
The wavelength-dependence polarization of distant
stars in the Milky Way is usually fitted by the Serkowski
law (Serkowski et al. 1975):
PSerK(λ) = Pmax exp
[
−K ln2
(
λmax
λ
)]
, (26)
where Pmax is the maximum degree of polarization, λmax
is the wavelength at the maximum polarization (here-
after peak wavelength), and K is a parameter given by
(Wilking et al. 1980; Whittet et al. 1992):
K = 0.01± 0.05 + (1.66± 0.09)λmax. (27)
Nevertheless, Patat et al. (2015) and Cikota et al.
(2018) showed that the observational data of SNe Ia do
not follow the standard relationship (Eq. 27). Specifi-
cally, the K value for a given small λmax is much larger
than predicted Equation (27). This puzzle once again
reveals the abnormal properties of dust in the local en-
vironments of SNe Ia.
Our modeling results in Section 4 reveal that the po-
larization curves tend to become narrower, i.e., the pa-
rameter K tends to increase, whereas the value of λmax
decreases in the presence of grain disruption by RATD
(see Figures 9, 10 and 12). To see whether the RATD
mechanism can reproduce the observed anomalous rela-
tionship of K-λmax, we fit the Serkowski law (Equation
26) to the polarization curve calculated by Equation (20)
to obtain K and λmax (see Appendix C for more details)
and compare with the observational data.
In Figure 18 (upper panel), we show the peak wave-
length λmax and the parameter K for several values of
the grain disruption size from adisr = 0.2µm to 0.05µm.
For each adisr, the alignment grain size is varied from
aalign = 0.05µm to 0.002µm to account for the effect
of enhanced alignment by SNe light (see Appendix C
for more details). Observational data from SNe Ia and
some stars in our galaxy (see Table 1 and 2) are shown
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Figure 18. Upper panel: relationship between K and λmax
predicted by our model for different disruption sizes and
alignment size. The black line is the standard relationship
given by Equation (27). Lower panel: K vs. RV from our
models compared with observational data for SNe Ia. Sym-
bols show observational data for SNe Ia presented (red sym-
bols) and normal stars in our galaxy (blue symbols) listed in
Table 1 and Table 2.
for comparison. We see that, for a given adisr, K de-
crease rapidly with decreasing λmax due to the decrease
of aalign. Moreover, for a given aalign, λmax tends to de-
crease with decreasing adisr. In particular, we can see
that the high K values of SNe Ia can be reproduced
by our models with RATD at the different adisr. For
example, SN 2006X can be explained with the maxi-
mum grain size adisr ∼ 0.2µm and alignment grain size
aalign ∼ 0.03µm, or SN 2010ev can be explained with
adisr = 0.2µm and aalign ≈ 0.04µm.
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Lastly, our results in Section 3 and 4 show that under
strong radiation field, both extinction curve and polar-
ization curves are modified from the standard curves in
the ISM. This suggests that there is some correlation
between RV and K. In Figure 18 (lower panel) we show
the values of RV and K calculated during 100 days with
the cloud at 1 pc for several maximum tensile strengths
and compare with observation data (see Table 1 and 2).
The increase of K with decreasing RV as a result of RAT
alignment and RATD appears to be consistent with the
observational data.
7. CONCLUSIONS
In this paper, we have studied the effects of rotational
disruption and alignment of dust grains by radiative
torques on the extinction, polarization, and light curves
of SNe Ia. The main findings of our study are summa-
rized as follows:
1. Bases on the RATD mechanism, grains can be dis-
rupted when radiative torques spin up it up to crit-
ical speed during 200 days after the supernova ex-
plosion. The grain disruption size decreases with
time at the fixed distance and increases with in-
creasing the cloud distance to the source. The
higher maximum tensile strength makes grain is
more difficult to disrupt and the gas density is in-
dependent to the dust disruption size in the very
strong radiation field as SNe Ia.
2. Using the grain disruption size from RATD, we
model the extinction of SNe light by dust absorp-
tion. We find that the conversion of large grains
into smaller ones by RATD results in a rapid de-
crease in the optical-NIR extinction but increase
in the UV extinction. This results in the rapid de-
crease in the the total-to-selective visual extinction
ratio RV over a timescale of tdisr ∼ 50 days. This
can successfully explain the unusually low values
observed toward SNe Ia.
3. Using RAT theory, we study the alignment of
grains by SNe radiation. We find that the in-
tense SNe radiation can align small grains, and
the alignment size decreases with time. We model
the polarization of SNe light by aligned grains. We
find that the polarization degree increases first due
to enhanced alignment by SNe radiation and then
drops rapidly when grain disruption begins. We
find that the peak wavelength decreases rapidly
from the original standard value to very small val-
ues of λmax < 0.4µm within less than talign < 10
days.
4. We find that due to RATD and RAT alignment,
the K−λmax cannot be described by the standard
relationship in the Galaxy, but it can qualitatively
explain the K − λmax reported for SNe Ia.
5. We suggest a possible way to constrain the cloud
distance by performing extreme early time ob-
servations. The time of the abrupt decrease in
optical-NIR extinction and polarization would put
a strong constraint on the cloud distance. An
increase in the polarization degree and decrease
in the peak wavelength is useful to test the RAT
mechanism.
6. We predict an abrupt increase in the SNe bright-
ness at optical-NIR bands but a decrease in UV
extinction due to RATD. This can be tested with
photometric and polarimetric observations at early
times.
7. Our results suggest that to achieve a precise mea-
surement of cosmological distances as well as pre-
cise constraint on dark energy, one needs to ac-
count for the time-variation of dust extinction if
there exist dust clouds within several parsecs from
the supernova.
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APPENDIX
A. GRAIN SIZE DISTRIBUTION MODIFIED BY RATD
In Section 3, we mentioned that there are three possible ways to calculate the grain size redistribution function
dn/da. We have shown results from model 1 where the slope is changed but the normalization constant C is constant.
We now study the results for model 2 where the slope α is kept constant but the constant C changes accordingly.
20 Giang, Hoang, and Tram
With the case keeping an order is α = −3.5 (model 2), the new constant with the new maximum size is:
Cnew = C
(
a0.5max − a0.5min
a0.5disr − a0.5min
)
. (A1)
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Figure 19. Variation of the slope α vs. time for model 1 (left panel) and C vs. time for model 2 for the different values of
maximum tensile strength, assuming the cloud distance of 1 pc.
Figure 19 shows the value of α (model 1) and C (model 2) for silicate grains with time if the cloud stays at 1 pc for
the different values of Smax. As shown, the slope increases (i.e., becomes steeper) from the original value of α = −3.5
to α ∼ −3.62 when RATD begins. This implies that RATD transports dust mass from large sizes to smaller sizes.
The right panel shows the value of the constant normalization C which increases with time due to RATD and reaches
the terminal value when RATD ceases. In general, the constant varies from 10−25.11 cm2.5 to 4× 10−25 cm2.5 with the
cloud in 1 pc.
Figure 20 (left panel) shows the extinction curve after 45 days with the cloud at 0.5 pc and 1 pc. One can see that
model 1 and 2 give similar extinction, except at optical-NIR wavelengths.
Figure 20 (right panel) shows the variation of RV with time for the two models. Model 2 gives slightly lower
extinction values than model 1 after grain disruption.
B. OBSERVATIONAL DATA OF SNE IA AND STARS
Table 1 shows the physical parameters for 13 SNe Ia available in the literature.
Table 2 shows the physical parameters for 15 normal stars with low RV but normal peak wavelength taken from
Cikota et al. (2018).
C. RELATIONSHIP BETWEEN K − λMAX AND RV − λMAX
C.1. Fitting polarization curves with Serkowski law
We fit the theoretical polarization curves with the Serkowski law (Eq. A1) to derive the best-fit parameters K and
λmax, which are summarized in Table C.1. Figure 21 shows the best fit Serkowski law for the theoretical polarization
curves in Figures 9 and 10 for the different times (left panel) and different cloud distances (right panel). One see that
due to grain disruption and grain alignment by RATs begins, the K values increases significantly accompanied with
the decrease of λmax. In other word, there is a simultaneous variation in K and λmax with time but they follow the
opposite trend.
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Figure 20. Left panel: extinction curve after 45 days with the cloud at 0.5 pc and 1 pc for model 1 (solid line) and model 2
(dashed line). Right panel: RV vs. times for the different cloud distance . The tensile strength Smax = 10
7 erg cm−3 is assumed.
SNe λmax(µm) K RV AV(mag) E(B − V )(mag)
1986G 0.43 1.15 2.57 2.03 0.79
2006X 0.36 1.47 1.31 1.88 1.44
2008fp(mod1) 0.15 0.40 1.20 0.71 0.59
2008fp(mod2) 0.41 1.03 2.20 0.29 0.13
2014J(mod1) 0.05 0.40 1.40 1.85 1.37
2014J(mod2) 0.35 1.15 2.59 1.17 0.45
SN 2007le 0.3967 ± 0.0494 1.73 ± 0.87 1.46 ± 0.28 0.54 ± 0.08 0.39
SN 2010ev 0.4408 ± 0.0114 1.89 ± 0.23 1.54 ± 0.58 0.50 ± 0.18 0.32
SN 2007fb 0.3821 ± 0.0447 1.13 ± 0.46 2.17 ± 0.57 ≤ 0.09 ≤ 0.03
SN 2003W 0.3996 ± 0.0371 2.56 ± 1.03 1.00 ± 0.70 0.30 0.29
SN 2007af 0.7409 ± 0.0537 1.24 ± 0.35 2.11 ± 0.51 0.31 0.15
SN 2002fk 0.4403 ± 0.0460 0.57 ± 0.35 1.73 ± 1.02 0.03 0.02
SN 2002bo 0.3525 ± 0.0137 3.95 ± 0.49 1.22 ± 0.26 0.62 ± 0.10 0.53
SN 2011ae 0.4256 ± 0.0295 3.56 ± 1.87 ... ... ...
SN 2005hka 0.6731 ± 0.2116 -1.36 ± 1.51 3.1 0.22 ± 0.06 0.07
Table 1. Physical parameters for SNe Ia (Phillips et al. 2013; Amanullah et al. 2014; Hoang 2017). SN 1986G: (Hough et al.
1987); SN 2006X: (Patat et al. 2009); SN 2008fp and SN 2014J: (Cox & Patat 2014; Patat et al. 2015; Kawabata et al. 2014)
and Hoang 2017). Data for the last SNe Ia are taken from Zelaya et al. 2017.
C.2. K − λmax and RV − λmax
To understand in more detail how K and λmax change with grain disruption and alignment by RATs, we model the
dust polarization by varying adisr from 0.2µm to 0.03µm and aalign from 0.05µm to 0.002µm and derive the best-fit
K and λmax parameters as in the previous section.
In Figure 22 (left panel) we show the resulting K-λmax values. Each point represents a couple (K,λmax) predicted
by a given value of (adisr, aalign). Several values of K at a given λmax represents the different values of Pmax when
aalign decreases, and the dashed line is the best fit to these results.
In Figure 22 (right panel), we plot RV against λmax evaluated at t = 60 days for Smax = 10
7 erg cm−3 with different
gas temperatures. The black solid line shows the tentative relationship reported by Whittet & van Breda (1978). As
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SN Name Telescope λmax(µm) K RV E(B − V )
HD 54439 VLT 0.4859 ± 0.0129 0.97 ± 0.10 1.98 0.28
HD 73420 VLT 0.5465 ± 0.0175 1.04 ± 0.21 2.24 0.37
HD 78785 VLT 0.5732 ± 0.08 1.25 ± 0.01 2.29 0.76
HD 96042 VLT 0.5109 ± 0.0124 0.84 ± 0.09 1.87 0.48
HD 141318 VLT 0.5719 ± 0.017 1.19 ± 0.03 1.77 0.30
HD 152245 VLT 0.6169 ± 0.033 1.41 ± 0.07 2.02 0.42
HD 152853 VLT 0.5584 ± 0.046 1.30 ± 0.07 2.19 0.37
BD +23 3762 CAHA 0.4965 ± 0.061 0.92 ± 0.06 2.15 1.05
BD +45 3341 CAHA 0.5166 ± 0.031 1.00 ± 0.05 2.22 0.74
HD 28446 CAHA 0.4865 ± 0.076 0.70 ± 0.07 2.20 0.46
HD 194092 Asiago 0.5884 ± 0.0107 1.09 ± 0.18 2.18 0.41
HD 14357 Asiago 0.4942 ± 0.031 0.91 ± 0.04 2.12 0.56
HD 226868 HPOL 0.4425 ± 0.0262 0.57 ± 0.14 2.78 1.08
HD 218323 HPOL 0.4837 ± 0.0128 1.00 ± 0.20 2.30 0.90
HD 217035 HPOL 0.5309 ± 0.0126 0.88 ± 0.23 2.44 0.76
Table 2. Physical parameter for the normal stars has low value of RV, normal λmax but high K observed by VLT, CAHA,
Asiago and HPOL telescopes (Cikota et al. 2018).
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Figure 21. The best-fit Serkowski law (solid lines) for the theoretical polarization curve (dashed lines) computed at the different
times for a dust cloud at 1 pc in Figure 9 (left panel) and for the different cloud distances at t = 20 days in Figure 10 (right
panel).
shown, both data of SNe Ia and our modeling results do not exhibit correlation between RV and λmax, in agreement
with the finding in Cikota et al. (2018).
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